1. The weather is believed to affect the establishment of insect biological control agents in the field, in particular heavy rainfall immediately after release, but few studies have quantified this impact. 2. A rain simulator was used to quantify the effect of rainfall duration and intensity on the post-release survivorship of a gorse biological control agent, the thrips Sericothrips staphylinus. This information was then used to predict the effect of rainfall on the establishment of thrips in the field. 3. Rainfall significantly decreased the numbers of thrips remaining on the plants, but significantly increased the numbers of thrips found dead and missing. As rain duration increased, the numbers of thrips remaining on the plants decreased. However, the relationship was not linear: the majority of thrips were washed off the plants within 30 min of the 120-min experiment. 4. Thrips survivorship was significantly affected by rainfall intensity (moderate, heavy and violent rainfall). Increasing rainfall intensity caused a significant decrease in the numbers of thrips remaining on the plants and significant increases in the numbers missing or found dead. 5. The relationship between rainfall, thrips release size and their probability of establishment was determined by combining published data on their probability of establishment with the results of our experiments. Rainfall is likely to change the relationship between the release size and the probability of establishment. 6. We advocate that biological control practitioners should be cognisant of weather conditions prior to any release. Control agents at risk from rain might be released in protective cages, while smaller sequential releases might be preferable to single large releases if adverse conditions are likely. This study demonstrates the value of controlled environments in understanding the effects of weather on biocontrol, and for invasion ecology more generally.
Introduction
The establishment of biocontrol agents in the field is a major step in all biocontrol programmes. However, the percentage of biocontrol releases that have established successfully in the field is less than 50% against alien insects (Stiling 1990 ) and less than 65% against alien weeds (Julien, Kerr & Chan 1984) . Moreover, the establishment rate of agents has not become con-spicuously more successful over the twentieth century (Lawton 1990) .
One factor that is believed to have a significant effect on the survival of insect biocontrol agents is the weather (Freckleton 2000) , particularly rainfall (Crawley 1987; Moran, Hoffman & Basson 1987; Lawton 1990; Hill, Gourlay & Winks 1993) . It is considered particularly damaging if rainfall occurs immediately after release, as insects are thought to be at their most vulnerable during this period (Crawley 1987) . Rainfall may kill small or immobile insects (Moran, Hoffman & Basson 1987) and it is often associated with declines in insect population size (Young 1977; Samways 1979; Delobel & Lubega 1984; Weisser, Volkl & Hassell 1997) . Rainfall has received little research attention from biocontrol practitioners, beyond anecdotal evidence that it is the cause of the failure of many biocontrol agents to establish in the field. We are aware of only two examples from the biocontrol literature where the effect of rainfall has been investigated experimentally. Moran, Hoffman & Basson (1987) studied the effect of simulated rainfall on the cochineal insect Dactylopius opuntiae (Cockerell), a biological control agent of the prickly pear cactus Opuntia ficus-indica (L.) Miller. They found that the number of colonies washed off the plant was directly proportional to the duration of simulated rainfall, and suggested that this reduced the impact of the agent in high rainfall areas . Hill, Gourlay & Winks (1993) found that introductions of gorse spider mites Tetranychus lintearius (Dufour) to New Zealand that were protected from direct rainfall survived significantly better than unprotected colonies.
If rainfall affects the survival of biological control agents, then it could have implications for the release strategy used by the biocontrol practitioner to establish the agent in the field. Memmott, Fowler & Hill (1998) asked whether better release strategies could improve the rate of agent establishment. They used a field experiment to investigate the relationship between the probability of establishment and the release size for gorse thrips in New Zealand. As theory (Pimm, Jones & Diamond 1988; Thomas 1990; Lande 1993 ) and retrospective analysis suggest (Hall & Ehler 1979; Pimm 1991) , they found a positive relationship between the probability of establishment and the size of release. They used this relationship to develop a protocol to investigate the dilemma faced by many biocontrol practitioners: whether to make a limited number of large releases or a large number of small releases. Their protocol suggested that the optimal release strategy was a large number of small releases. Dealing with the same dilemma, but using a different approach, Shea & Possingham (2000) used stochastic dynamic programming to determine optimal release strategies (number and size of releases), given constraints on time and the number of agents available. By modelling within a decision-making framework, they derived rules of thumb that would enable biocontrol practitioners to choose between management options.
Both of these approaches require that the biocontrol practitioner determines the relationship between the release size and the probability of establishment, in order to choose the best release strategy for their biocontrol agents. However, the relationship between these two variables is likely to relate to a prescribed set of conditions. For example, the relationship between the release size and the probability of establishment for gorse thrips, described by Memmott, Fowler & Hill (1998) , was from a single release site and a single set of releases. Their reported relationship is likely to change according to the timing of release, the insect species, the age of the insect, the level of predation, the aspect of the release site and the weather. Also, it may vary due to demographic factors, such as the sex ratios of small releases. Given the importance of this relationship in choosing a release strategy, the factors that affect the probability of establishment will be of interest to biocontrol practitioners. Rainfall immediately after release is one of the factors that could affect this relationship, as it may reduce the size of the founder population.
The aim of this work was to quantify the effect of rainfall on the survivorship of gorse thrips Sericothrips staphylinus Haliday and to use this information to predict the effect of rainfall on its establishment in the field. Sericothrips staphylinus is used as a biocontrol agent of gorse Ulex europaeus (L.) in New Zealand (Harman et al. 1996) and in Hawaii (Markin, Yoshioka & Conant 1996) , and will shortly be released in Tasmania (J. Ireson, Tasmanian Institute of Agricultural Research, personal communication). There were three objectives to the work presented here. (i) To measure the impact of rainfall duration and intensity on thrips survival immediately after their release. (ii) To investigate the relationship between rainfall, release size and the probability of establishment. (iii) To use this information to provide some general recommendations to biocontrol practitioners.
Materials and methods

  
Adult gorse thrips were collected from gorse bushes at two sites in the south-west of England (51°20′ N, 2°47′ W and 51°25′ N, 2°39′ W). They were collected by beating the gorse over a tray, this being done on the day preceding the rainfall experiments. Thrips were placed in glass vials containing 4-cm twiglets of gorse, transported in an insulated bag to keep them cool, and then kept in a refrigerator at 4 °C overnight.
    
The rainfall simulator ( Fig. 1 ) used for the experiments was positioned outside on a concrete base and consisted of a steel frame (2·15 m height × 2·05 m width × 2·5 m depth) with a slatted roof. The slats consisted of parallel, aluminium, 4-cm wide channelling. The distance between the slats was adjustable to provide variable rainfall rate. A water butt (capacity 0·62 m 3 ) stored the water for each experiment and was kept topped up throughout the experimental period via a return of excess water from the channelling. Fresh tap water was used for all experiments. Interchangeable nozzles, of adjustable height, were positioned above the centre of the frame. Two solid cone brass nozzles were used in these experiments; each produced a threedimensional triangular spray pattern but provided a different drop size spectrum. An electric water pump with adjustable pressure was used to move the water from the reservoir to the nozzles. Rainfall rate was controlled by volume per unit area and, as area was constant, variation in rainfall over time could only be affected by changes in water pressure, which were limited to fluctuations in mains supply to the pump. In the UK National Grid mains supply operates with a range of ± 5%. Different rainfall intensities were achieved by varying the following: (i) nozzle selection; (ii) nozzle height; (3 m and 5 m); (iii) pressure adjustment (1·5 BAR and 3 BAR); and (iv) spacing between the channelling (3 cm and 7 cm).
 1:         -    In New Zealand, biocontrol agents are often released onto the target weed using 'bouquets' of the weed (Manaaki Whenua Landcare Research 1996) . A bouquet consists of cuttings of the weed with the base of the stems wrapped in damp cotton wool and sealed with plastic film to reduce desiccation. The biocontrol agents are transported to the field site on the bouquets, which are then wedged into plants in the field. The biocontrol agents subsequently move from the bouquet to the plant as the bouquet deteriorates in condition. For our experiments we constructed bouquets consisting of 15-cm pieces of gorse. If rainfall occurs in the period immediately following release, the biocontrol agents are unlikely to have transferred from the bouquet to field plants. Therefore, we exposed the bouquets themselves to rainfall.
We subjected the bouquets to rainfall in the following manner. Each bouquet was placed in a plastic cup to hold it upright and each cup was positioned on a circular plastic tray with a permeable mesh base. The plastic cup and tray caught any thrips washed off the bouquets within a 15·5-cm radius. Trays were positioned on a wooden slatted table in the rain simulator. The permeable tray allowed water to drain away, but contained any insects washed off the plants. The treatment bouquets were positioned underneath the rain simulator in blocks of four, and complementary sets of four control bouquets were positioned immediately adjacent to the rain simulator. Thrips were released onto the bouquets and left for 30 min prior to the rainfall treatments to allow them to settle.
The rainfall durations used were 15, 30, 60 and 120 min and they were applied at an intensity of 136 mm h -1 . This intensity simulated the most violent rainfall recorded in New Zealand (National Institute of Water and Atmospheric Research 2001) and Hawaii (Blumenstock & Price 1994) . Following each duration treatment, the bouquets were left to dry for 1 h. After drying, the number of thrips remaining on the bouquets was determined by dismantling each bouquet on a large sheet of white paper and sharply tapping each stem on the paper. As thrips were dislodged onto the paper they were counted. The number of thrips washed off the bouquets was determined by counting the total numbers of thrips trapped in both the plastic cup and the plastic tray, these being separated into dead and alive thrips. The number of 'missing' thrips that could not be accounted for, i.e. those that were not remaining on the bouquets, or had not been washed off, was calculated by subtraction. For each of the four duration treatments, two replicate rainfall simulations were used, each having four bouquets subjected to rainfall and four 0 rainfall controls, making a total of eight bouquets per treatment. Thirty thrips were released onto each bouquet. The data were analysed using three methods. First, the number of thrips remaining on the bouquets was treated as a response variable and the data analysed by two-way analysis of variance. The two factors, duration and block, were fitted as explanatory variables with five levels for duration (0, 15, 30, 60 and 120 min) and two levels for block (block 1 and block 2). Tukey's multiple range test was used to test for differences between the treatments. Secondly, given that the data showed evidence of a logarithmic decline in numbers as duration increased, regression analysis using log-transformed data was used to determine the relationship between rainfall duration and the number of thrips remaining on the plant. Finally, the number of thrips found dead and the numbers reported missing did not conform to the assumptions of normality and were analysed using a Kruskal-Wallis test.
The experimental set-up was the same as described above, with three rainfall intensities being applied (13, 76 and 136 mm h -1 ) for a single duration of 15 min. The rainfall intensities simulated moderate, heavy and violent showers, respectively (Anonymous 1982) . For each of the three intensity treatments, two replicate rainfall simulations were used, each having four bouquets subjected to rainfall and four 0 rainfall controls, making a total of eight bouquets per treatment. As in the previous experiment, 30 thrips were released onto each bouquet.
The number of thrips remaining on the bouquets was treated as a response variable and the data analysed by two-way analysis of variance. Tukey's multiple range test was used to test for differences between the treatments. Rain intensity and block were fitted as explanatory variables with four levels for intensity (0, 13, 76 and 136 mm h -1 ) and two levels for block (block 1 and block 2). The number of thrips found dead and the numbers reported missing were analysed nonparametrically using a Kruskal-Wallis test.
Results
 1:         -    Rainfall caused a significant decrease in the numbers of thrips remaining on the bouquets, F = 53·79, P < 0·001; a significant increase in the number of thrips found dead, Kruskal-Wallis test, H = 52·84, P < 0·001; and a significant increase in the numbers missing, Kruskal-Wallis test, H = 32·9, P < 0·001 ( Fig. 2a,b,c) . Block had no significant effect on the number of thrips remaining on the plants (F = 3·17, P > 0·05). Only 0·42% of thrips washed off the plant were still alive. A multiple range test (Tukey 1949) showed there were significant differences between the controls and the four duration levels, although no significant differences between the four duration levels were found.
However, regression analysis revealed that there was a relationship between duration and the numbers of thrips remaining on the plant, although it was not a simple linear relationship ( Fig. 2a ). Only if both the dependent and independent variable were log transformed, could the relationship be described in linear terms (y = 1·93 -0·14x, r = 0·84).
 2:         -    Rainfall caused a significant decrease in the numbers of thrips remaining on the bouquets, F = 13·02, P < 0·001; a significant increase in the numbers found dead, H = 29·69, P < 0·001; and a significant increase in the numbers missing, H = 10·5, P < 0·05 (Fig. 3a,b,c) . Block had no effect on the number of thrips remaining on the plants (F = 0·62, P > 0·05). As in the duration experiments, the number of thrips found washed off the plant and still alive was very low (0·18%). For the numbers remaining on the bouquets, a multiple range test (Tukey 1949) showed that the heavy and violent intensity levels were significantly different both from the control and from the moderate intensity level, although not from each other. There was no significant difference between the control and the moderate intensity level. While the number of thrips killed by rainfall was generally low, it was apparent from Fig. 3b that the violent intensity level led to nearly four times the mortality compared with the moderate and heavy intensity levels. The number of thrips missing was greater at the heavy and violent intensity levels compared with the moderate rainfall intensity (Fig. 3c ).
      ,         
The relationship between rainfall duration and intensity, release size and the probability of establishment for gorse thrips was determined by combining published data on the relationship between release size and the probability of establishment, from Memmott, Fowler & Hill (1998) , with the data from experiments 1 and 2 on the effect of rainfall duration and intensity on thrips survivorship. Memmott, Fowler & Hill (1998) showed that release sizes of 10, 30, 90, 270 and 810 thrips had, over 1 year, establishment probabilities of 0%, 25%, 75%, 83·3% and 100%, respectively. There was no rainfall in the week following the release of the thrips in their experiment (J. Memmott, unpublished data), and their data set was used to describe the establishment probability of thrips in the absence of rainfall. The data from experiments 1 and 2 were used to predict the effect of rainfall duration and intensity on these five release sizes, i.e. the number of thrips in each release predicted to remain on the plants in the field, if rain fell at the experimental durations and intensities immediately after their release. Then, the relationship between the size of release and probability of establishment was determined and used to predict the probability of establishment for these post-rainfall release sizes. This was done using the same protocol as Shea & Possingham (2000) , who defined the probability of establishment as:
where P(x) is the probability of establishment for a given release size, x, p m is the maximum probability of establishment and a is a constant. This relationship generates a sigmoid curve and represents an increasing probability of establishment with increasing number of insects released. The relationship incorporates both an upper limit to the probability of establishment, and also potentially a reduced probability of establishment at low densities (Shea & Possingham 2000) . This may happen if for example, mates are hard to find when there are few individuals at the site (Myers et al. 1995; Amarasekare 1998) . The constant, a, determines the shape of the establishment curve, with larger values of a shifting the curve to the left and making it steeper (Shea & Possingham 2000) .
Using data describing the relationship between the size of release and the probability of establishment (Memmott, Fowler & Hill 1998) , we optimized the value of a to fit the establishment data by using iterative estimation algorithms within a non-linear framework (SPSS 1998) . This provided an estimate of a = 0·000096134. The refined functional relationship: explained 92% of the variation in their data set.
Increasing the duration of rainfall decreased the probability of establishment of the thrips, shifting the curve to the right (Fig. 4a) . While there was a difference between the impact of no rain and 15 min of rain, and between 15 min of rain and 30 min of rain, there appeared to be little difference between the effects of 30, 60 or 120 min of rain. Thus, it appeared that a threshold time existed, after which the thrips were unlikely to be washed off the plant. Increasing rainfall intensity also decreased the probability of establishment of the thrips, shifting the probability curve to the (Fig. 4b) . Theoretically, the probability of establishment could be reduced to zero for the smaller release sizes if rainfall intensity increased sufficiently. However, rainfall intensity greater than 136 mm h -1 is unlikely under field conditions.
Discussion
Our experiments provide two important pieces of information regarding the establishment of gorse thrips. First, rainfall intensity and rainfall duration are important factors affecting their survival, and, secondly, rainfall is likely to change the relationship between the release size and the probability of establishment. In this section we first discuss the possible shortcomings in the work that may lead to bias in the data. We then discuss the main findings of the study with respect to the establishment of thrips in the field, and we end by considering the implications of the work for the biocontrol practitioner.
  
There is one potential source of bias in our data. The mean number of 'missing' thrips was 17% for the rain intensity experiment and 22% for the rain duration experiment. However, the number missing increased as rainfall intensity increased, which indicates that the explanation involves a response to rainfall. The most likely explanation is that they were knocked off the plant, or jumped off the plant and landed outside the tray. Instar-related difference in susceptibility to rainfall is not an issue in this work, as only adult insects were released.
   
Rainfall duration was a significant factor affecting the post-release survival of gorse thrips. However, there appears to be a threshold for the effect of rain duration, as after 30 min of rainfall little further effect of rainfall Fig. 4 . The relationship between the size of release and the probability of establishment of thrips. (a) The impact of rainfall duration: the five lines represent no rain (these are the field data, no natural rainfall was observed for 1 week following the release of the thrips) and the four experimental rainfall durations; (b) the impact of rainfall intensity: the four lines represent no rain and the three experimental rainfall intensities. upon thrips survival was observed. This effect can be explained by the behaviour of the thrips when subjected to rainfall. The simplest starting point for the explanation is to assume that the thrips are randomly dispersed on the plants when rainfall begins. Some of the thrips will be on an exposed surface and are likely to be knocked off by direct rainfall hits. This should be proportional to the number of impacts per unit area and rainfall duration. There will therefore be a period in time (for a given rainfall type) whereby all exposed thrips will have been subjected to direct rainfall impacts capable of knocking them off. Thrips sheltered from direct impacts will not be affected by this method of ejection. However, they may be affected by run-off, an effect that is again likely to plateau after a given time period. Our data strongly suggest that if a thrips finds shelter quickly, or is already in a sheltered spot, it is unlikely to be washed off the plant, regardless of rainfall duration.
If the thrips are oblivious to the rainfall and do not take shelter when rainfall starts, but instead continued to forage on the plants, then the observed plateau would not be seen. This was the case with young and recently established colonies of D. opuntiae, which cannot move as they live in sedentary wax colonies. This species was being washed off the plant even after 180 min of rainfall, and their survival rate by this time was less than 10% (Moran, Hoffman & Basson 1987) , in contrast to that of 47% for the thrips after 120 min.
Rainfall intensity was an important factor affecting the post-release survival of gorse thrips. Whilst rainfall at our highest intensity treatment is rare, natural rainfall has been recorded in excess of 200 mm h -1 at Tauranga in New Zealand (National Institute of Water and Atmospheric Research 2001) and greater than 250 mm h -1 in Hawaii (Blumenstock & Price 1994) . If rainfall intensity is less than moderate, the thrips are effectively warned and have time to seek shelter. If, however, the rainfall intensity is greater than moderate, they may be washed or knocked from the plant before they have time to hide.
The effects of wind and rain on the foraging behaviour of an aphid parasitoid translate into fitness consequences for individual parasitoids, and into population-level effects, by changing the pattern of parasitism of aphid colonies (Weisser, Volkl & Hassell 1997) . It is possible that the behavioural responses of biocontrol agents to rainfall may similarly generate population-level effects.
,    ,        
Rainfall changed the relationship between the release size and the probability of establishment. Given the importance of this relationship in choosing release strategies (Shea & Possingham 2000; Memmott, Fowler & Hill 1998) , we need to know more about the types of factors that it affects. For example, does insect species or release site have the greatest effect on the relationship? There is anecdotal evidence from biocontrol practitioners that 'black holes' exist where it is very difficult to establish any species of insect biocontrol agent. This suggests that location may be important. However, there are very likely to be differences among insect species too. The relative importance of these two factors needs to be investigated.
The chance of a newly arrived individual establishing in a fluctuating environment depends strongly on the timing of the invasion (Haccou & Iwasa 1996) . An invasion during a favourable period, such as when there is no rainfall, may have a higher chance of establishing than an invasion during an unfavourable period, such as when there is rainfall. Consequently, a release strategy that spreads the risk of heavy rainfall may have a higher probability of success. While multiple smaller releases are each likely to have a lower probability of establishment than one larger release, the chance of them all failing may be less than the chance of a single large release failing (Memmott, Fowler & Hill 1998) . Therefore, it might be in the biocontrol practitioner's interest to make smaller, sequential, releases of agents in the field rather than a single large release. The value of sequential releases has been demonstrated previously by ecological theory (Hopper & Roush 1993; Grevstad 1996 Grevstad , 1999 Haccou & Iwasa 1996) and by retrospective analysis of the literature (Julien, Kerr & Chan 1984; Bierne 1975) but not as yet by field experimentation. Information from experiments such as the one described in this paper, and from retrospective analysis of the literature, could be incorporated into release strategies decisions. Thus, if it is known that the insect is adversely affected by rain, and if heavy rainfall is forecast, then release size could be increased or smaller sequential releases used rather than a single large release. Alternatively, the insects could be released into cages or sleeves that would provide protection against the rain.
Given that environmental variables will influence insect population dynamics, it is perhaps surprising that weather conditions have received so little attention from biocontrol practitioners, beyond the observation that they are a probable cause of many establishment failures. One explanation for this is that it is often difficult to design experiments that quantify the impact of single climatic variables, unless ready access to controlled environments exists. More, however, could be done using field data. While data on the establishment success of biocontrol releases is frequently recorded, the cause of establishment failure understandably usually remains unknown. However, if post-release climatic conditions were routinely recorded along with the establishment data, then retrospective analysis could provide a powerful tool.
These conditions should include the timing of any rain relative to the release, the duration of the rain and (ideally) the intensity of the rainfall. Obviously this would only work where the biocontrol practitioner remained in the general vicinity of the release or where there was a weather station near the release site. Even if these criteria were met for just a quarter of all releases, this could still provide a powerful database. These data could provide information on the relative susceptibility of different biocontrol agents to rainfall and provide some general rules of thumb for the biocontrol practitioner. For example, we suspect that adult Coleoptera are more waterproof than adult Aleyrodidae and Trichogramma, and that rainfall immediately after release is more damaging than rainfall several hours later.
Biological control is applied invasion biology. One explanation for the failure of invasion biology as a predictive science is the absence of manipulative experiments (Kareiva 1996) . Biocontrol releases offer unparalleled opportunities for the invasion ecologist to manipulate invasions to determine the factors affecting the establishment of alien organisms. This information could both help biocontrol practitioners increase their establishment rates, as well as lead to a greater understanding of the invasion process.
